The metabolism of propionic acid by various organisms has been the object of extensive analysis which has elucidated at least six different pathways (10, 34) . In most vertebrates, propionyl coenzyme A (propionyl-CoA), the obligate intermediate, is carboxylated to D-methylmalonyl-CoA, isomerized to L-methylmalonyl-CoA, and rearranged to yield succinyl-CoA via a vitamin B 12 -dependent enzyme (14, 19) . Alternatively, plants, microorganisms, and insects make use of a variety of alternate pathways which include reduction to acryloyl-CoA followed by ␣ or ␤ oxidation (11, 15, 16, 27) , reductive carboxylation to yield ␣-ketobutyrate (5, 26) , and Claisen condensations with either glyoxylate or oxaloacetate (OA) (25, 32-34, 36, 37) . In yeast and Escherichia coli, condensation with OA leads to the methylcitrate cycle ( Fig. 1) , whereby methylcitrate is isomerized to methylisocitrate, which is cleaved to yield pyruvate and succinate, with subsequent regeneration of OA from the latter via the usual tricarboxylic acid (TCA) cycle transformations. In view of the variety of metabolic pathways for propionate, the interpretation of propionate metabolism has often been difficult. Recent proposals that metabolite labeling patterns observed in E. coli grown on 13 C-labeled propionate can provide evidence for metabolite channeling (7, 8) make it important to fully elucidate the pathway(s) involved in propionate metabolism.
Although the introduction of carbon-13 isotopic labeling greatly facilitates metabolic analysis due to the ease with which the labeled position(s) can be determined, the unique feature of this technique is the ability to follow the fate of more complex structural units which are identified on the basis of scalar coupling interactions. Thus, the use of correlated labeling patterns provides a capability beyond that of analogous 14 C labeling studies. In the present study, [1,2- 13 C 2 ]propionate was used to distinguish metabolism via the methylmalonyl-CoA pathway and via the methylcitrate pathway in E. coli. The labeling patterns derived from [1,2-13 C 2 ]propionate provide a basis for this analysis due to the very different labeling which will result from flux through these two pathways. In general, this approach will be optimal when sufficient levels of alanine are produced to allow determination of the label distribution in the pyruvate precursor. In E. coli extracts, both alanine and alanine-containing peptides involved in cell wall turnover can provide this information. Other metabolic intermediates, particularly succinate and peptidyl-glycine, provide less direct but nevertheless useful information regarding the metabolic pathways for propionate.
MATERIALS AND METHODS
[1,2-13 C 2 ]sodium propionate was obtained from Isotec, Inc. (Miamisburg, Ohio). All other chemicals were from Sigma or Mallinckrodt. E. coli MG1655 (F Ϫ Ϫ ; ATCC 47076) was a gift from Roel Schaaper. Bacteria and culture conditions. The cells were grown on a minimal medium (growth medium) containing 60 mM K 2 HPO 4 , 33 mM KH 2 PO 4 , 76 mM (NH 4 ) 2 SO 4 , 2 mM trisodium citrate, 0.1% trace elements solution SL10, 1 mM MgSO 4 , and 20 mM sodium propionate, as described by Textor et al. (34) .
The cultures were grown in a shaking incubator (37°C, 250 rpm) over a period of several days. This adaptation period was required in order to obtain the high yields of cells necessary to perform these experiments (34) . Once the E. coli cells had adapted to the medium, the growth period could be reduced to 1 to 2 days.
Initially, the adaptation process involved growing the cells overnight in a 3-ml aliquot of LB medium. These cells were then resuspended in 100 ml of the growth medium and allowed to incubate for at least 48 h. (Cell growth was monitored by measuring the optical density [OD] at 578 nm.) When the OD of the 100-ml culture was Ͼ0.5, 10 ml was removed and used to inoculate 500 ml of growth medium in a 2-liter flask. The large culture grew to an OD of at least 0.6 before the labeling reactions were performed. This growth period usually lasted 3 or more days.
Labeling reactions. The 500-ml cultures were harvested by centrifugation for 20 min at 4,000 rpm in sterile, weighed, 1-liter centrifuge bottles. The supernatant was removed, and the cells were weighed. The cell pellet was then washed in approximately 25 ml of labeling medium. The cells were resuspended in enough labeling buffer to yield approximately 1 g of cells/15 ml of buffer. This mixture was then transferred to sterile 100-ml beakers, and the cells were resuspended in a medium containing a 20 mM concentration of the labeled sodium propionate and 2 mM unlabeled citrate as the primary carbon sources. In a second series of studies, the labeled sodium propionate was replaced by a mixture of [1,2-13 C 2 ]propionate plus unlabeled propionate, so that the total added propionate remained set at 20 mM. The [1,2-13 C 2 ]propionate/unlabeled propionate ratios used were 2/18, 4/16, 10/10, and 20/0. The labeling mixture was then placed in a shaking incubator (37°C, 225 rpm) for 1.75 to 3.5 h. The labeling reactions were stopped by adding 60% perchloric acid (PCA) to a final concentration of 4% and freezing the cells at Ϫ70°C.
Preparation of PCA extracts. The thawed PCA-treated cells were placed on ice and sonicated for 15 min. The sonicator was set to cycle on/off such that it was on 60% of the time and off 40% of the time to control heating. The cell debris was removed by centrifuging the sample at 6,000 rpm for 20 min at 4°C. The supernatant was collected and brought to a neutral pH with 10 M KOH. The sample was then centrifuged at 10,000 rpm for 20 min at 4°C. The remaining supernatant was collected and lyophilized. For the peptide hydrolysis experiment, the PCA extract was treated with 1.5 ml of hydrochloric acid (final concentration, 6 N HCl) and refluxed for 48 h at 115°C. The sample was then neutralized to pH 7 with potassium hydroxide, lyophilized, and prepared for nuclear magnetic resonance (NMR) analysis by adding 0.8 ml of D 2 O, centrifuging and collecting the supernatant.
NMR studies. The NMR samples were prepared by dissolving approximately 220 mg of lyophilized sample into 0.6 ml of D 2 O, and the pH (uncorrected for isotope effects) was adjusted to 7.1 with DCl and NaOD. Any undissolved material was removed by centrifugation prior to loading the sample into a 5-mm NMR tube. In addition, 20 mM sodium azide was added to the sample to limit bacterial growth. NMR studies were performed at a 13 C frequency of 125.892 MHz on a Varian Unity 500 NMR spectrometer (Varian Associates, Inc., Palo Alto, Calif.) using a 5-mm broadband probe. For proton-decoupled 13 C experiments, a WALTZ-16 decoupling scheme (28) was used. With the labeling strategy used, there is little formation of [2- 13 C]acetyl-CoA and hence little labeling of the aliphatic carbons of TCA cycle-derived metabolites. Thus, significantly longer acquisition times were required in comparison with studies using labeled precursors leading to the formation of [2- 13 C]acetyl-CoA. Proton-decoupled 13 C spectra of extracts typically ran for ϳ100,000 pulses, using a recycle time of 1.3 s and a pulse width of 30°. Carbon-13 chemical shifts were referenced to the shifts of internal glutamate, using the values given in the appendix of reference 17. Two-dimensional 1 H-13 C heteronuclear single quantum coherence (HSQC) (2, 4) and HSQC-total correlation spectroscopy (TOCSY) (21) experiments were performed with an inverse probe in order to correlate the proton and carbon resonances. The TOCSY portion of the HSQC-TOCSY experiment was implemented by using an MLEV-17 spinlock sequence (1) .
RESULTS
Formation of pyruvate and formate. For these studies, we used a prototrophic strain of E. coli, MG1655, which appeared to grow most successfully on the high-propionate medium relative to several strains evaluated. The proton-decoupled spectrum of [1,2- 13 C 2 ]propionate shows the expected doublet pattern for the C-1 (␦ ϭ 186.2 ppm) and C-2 (␦ ϭ 31.9 ppm) positions with J 12 ϭ 51.2 Hz. The proton-decoupled 13 C spectrum corresponding to a PCA extract of the propionateadapted MG1655 cells, which had been labeled in medium containing 20 mM [1,2-13 C 2 ]propionate and 2 mM citrate as the primary carbon sources, is shown in Fig. 2 (Fig. 3) . Thus, despite the preservation of the three-carbon structural unit of propionate as it is converted into pyruvate, further coupling interactions are lost due to the scission of the C-1-C-2 bond by pyruvateformate lyase. Consequently, the observation of scalar coupling interactions in these studies arises either as a result of the direct incorporation of doubly labeled pyruvate or as a fortuitous consequence of bond formation between 13 C nuclei derived from different, labeled precursors.
Labeling of amino acid ␣-carbons. To obtain more detailed insight into the metabolism of the labeled propionate and to observe the less concentrated metabolites, longer periods of signal averaging were used. The spectral region containing the C-2 resonances of the amino acids exhibits a number of multiplets (Fig. 4) . A set of resonances, ␦ ϭ 55.8 ppm corresponding to singlet plus doublet with J ϭ 54.2 Hz, is in reasonable agreement with the shift and 1 J Co-C␣ value of 53.4 Hz reported for glutamate at pH 7 (18) . A more detailed analysis of the labeling of glutamate carbons is given below.
In addition to the glutamate C-2 resonances, the spectra exhibit a group of at least five doublets in the chemical shift range from 50 to 53 ppm. The coupling constants range from 52.6 to 54.1 Hz, consistent with values of 54.1 and 52.7 Hz reported for alanine 1 J Co-C␣ at pH values of 6.4 and 11.1, respectively (35) . The latter value might be expected to correspond more closely to C-terminal alanine. Comparison with standards indicates that three of these doublets can be assigned to free alanine and to D-Ala-D-Ala dipeptide (Fig. 5 ). Most significantly, there is little measurable singlet intensity for these resonances, indicating that the set of doublets corresponds to [1,2-13 C 2 ]alanine and to peptides containing this labeled amino acid. There is no evidence for the production of other labeled species such as [2, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]alanine [1,2,3-
13
C 3 ]alanine that might arise due to possible metabolite interconversions. This labeling pattern is consistent with the metabolic scheme outlined in Fig. 3 , showing that the series of conversions from propionate to pyruvate to alanine proceeds with preservation of the carbon skeleton. It is known that the peptide components of the bacterial cell wall undergo significant turnover and that a number of alanine-containing cell wall precursors and breakdown products can be observed in the cytosol (6, 12, 22) . A comparison of the spectral region containing the amino acid C-2 resonances with a standard consisting of glutamate, Lalanine, and D-alanyl-D-alanine indicates that two of the other doublets can be assigned to the dipeptide (Fig. 5) . Hence, the detection of both alanine and a number of alanine-containing Fig. 6A and B ). There is a weak resonance in the center which may be part of a small doublet (Fig. 6A) or may correspond to [2- 13 C]alanine arising from the naturally abundant 13 C in nominally unlabeled alanine in the sample or possibly indicate some reverse flux involving synthesis of pyruvate from OA.
Condensation of labeled 13 CO 2 with pyruvate to form OA represents an alternative labeling pathway for metabolites derived from TCA intermediates. If each of the carbons in 20 mM propionate-2 mM citrate is considered to be metabolized to CO 2 to the same extent, the fraction of 13 CO 2 would be 55%. In general, the enrichment of the CO 2 pool is limited by the catabolism of endogenous, unlabeled compounds and by atmospheric CO 2 . Thus, the CO 2 enrichment is probably significantly lower than 55%. To experimentally determine the significance of 13 CO 2 incorporation on the labeling of the alanine pool, we performed a series of studies in which a mixture of unlabeled and [1,2-13 C 2 ]propionate was added during the labeling period, such that the total added propionate remained fixed at 20 mM. [1,2-13 C 2 ]propionate/unlabeled propionate concentration ratios (millimolar values) used were 2/18, 4/16, 10/10, and 20/0. Proton-decoupled 13 C spectra obtained for the lower ratios of propionate labeling were similar to those shown in Fig. 4 except that the multiplet/singlet ratios were reduced. This result is illustrated in a spectrum of the region of the 13 C NMR spectrum containing the amino acid C-2 resonances derived from the 4/16 labeling experiment (Fig.  6C) . Although the use of the lower enrichment significantly reduces the spectral signal/noise ratio, it is apparent that labeling of the alanine resonances is largely unaffected by the large variation in propionate labeling. The set of doublets (Fig. 6B) . Thus, the multiply labeled alanine does not arise primarily from the formation of bonds between labeled carbon nuclei but rather is due to retention of the coupling interactions derived from the doubly labeled propionate. A small increase in the alanine C-2 singlet resonances observed in Fig. 6C most probably arises from the reduced amount of labeled alanine relative to the natural abundance background.
Resonances corresponding to the C-2 carbons of other amino acids such as glutamine, aspartate, or asparagine were not present at sufficient concentration to allow further analysis. Close inspection of the glutamate C-2 resonances indicates the presence of small shoulders suggesting the presence of a closely related species such as a ␥-glutamyl-linked peptide, e.g., glutathione (see below). Finally, as discussed below, the multiplet group centered at ␦ ϭ 44.9 ppm probably arises from a C-terminal glycine residue in a peptide.
Labeling of glutamate and TCA cycle flux. Glutamate labeling by [1- 13 C]acetyl-CoA formed as shown in Fig. 3 , in combination with unlabeled OA, will result in a 50:50 mixture of [5- 13 C]glutamate and [1,5-13 C 2 ]glutamate isotopomers (17) . Inclusion of flux through the glyoxylate shunt will also introduce label at the C-1 position of glutamate. The aliphatic region of the glutamate spectrum will appear similar to that obtained previously for the glutamate-producing organism Brevibacterium flavum (38) grown on [1- 13 C]acetate, with a high doublet/singlet ratio for C-4, a lower doublet/singlet ratio for C-2, and a C-3 singlet. The glutamate labeling pattern shown in Fig. 4 is not consistent with labeling derived from [1-
C]acetylCoA only. Comparison of resonance intensities indicates significantly greater labeling at C-2 and C-3 than at C-4 and relatively little doublet intensity for C-3 or C-4. The labeling observed for C-2 and C-3 is readily explained in terms of a significant anaplerotic formation of labeled OA from [1,2-13 C 2 ]pyruvate, formed as shown in Fig. 3 13 C]glutamate. In particular, the 1,2,5-13 C 3 -and 2,5-13 C 2 -labeled isotopomers will produce doublet and singlet patterns, respectively, for glutamate C-2, while 3,5-13 C 2 -and 1,3,5-13 C 3 -labeled isotopomers will correspond to the glutamate C-3 singlet. In contrast, the low doublet/singlet ratio for glutamate C-4 indicates that there are additional, unlabeled sources of acetyl-CoA, in addition to the [1-
13 C]acetyl-CoA derived from propionate as shown in Fig. 3 . The glutamate C-5 carboxyl is predicted to be a singlet, and the C-1 carboxyl is predicted to be a singlet plus doublet, as observed (spectrum not shown). Thus, under the conditions of the study, the labeling of glutamate provides additional support for the flux through the methylcitrate cycle by retention of coupling information in the glutamate C-1-C-2-C-3 fragment derived from the labeled pyruvate and ultimately from propionate. very low degree of labeling via formation of small amounts of [2- 13 C]acetyl-CoA which arises due to secondary pathways not depicted in Fig. 3 . A low flux through the latter pathway can contribute significantly to the singlet intensities of glutamate C-2, C-3, and C-4. Additionally, the reduced [1-
C]acetylCoA/unlabeled acetyl-CoA ratio in the 4/16 experiment will reduce the labeling of glutamate C-1 and C-5, and thus the fractional C-2 and C-4 doublet intensities, even in the case of many turns of the TCA cycle.
Gluconeogenesis. The observation of significant trehalose in the cells is consistent with some degree of osmotic stress that results from labeling at higher cell density. The glucose carbons of trehalose can become labeled either via phosphorylation of pyruvate followed by conversion to triose phosphates, or via formation of phosphoenolpyruvate (PEP) through the action of malic enzyme or PEP carboxykinase (PEPCK). In the first case, labeling of the trehalose C-1/6, C-2/5, and C-3/4 carbons will parallel the labeling of pyruvate and pyruvatederived metabolites such as alanine, resulting in equal labeling of carbons 2, 3, 4, and 5 and no labeling of carbons 1 and 6. In the second scenario, the labeling of the trehalose positions will be more analogous to the labeling of TCA metabolites derived from malate. Carbons 1/6, 2/5, and 3/4 will have multiplet structure similar to glutamate C-3, C-2, and C-1, respectively, except for the obvious difference that C-3 and C-4 will be coupled to each other. The trehalose spectrum reveals the highest labeling level at positions C-3 and C-4 and lesser but significant labeling at C-2 and C-5. The trehalose C-1 and C-6 resonances appear predominantly as singlets, and the resolved C-2 resonance appears as a singlet plus doublet, with 1 J CC ϭ 36.5 Hz, which would correspond to coupling with C-3 rather than C-1 (39) . Based on the trehalose spectrum, it is apparent that under the conditions of the present studies, the triosephosphate pool is derived primarily from C-4 precursors via the action of malic enzymes and/or PEPCK. The spectra differ significantly from predictions based on direct phosphorylation of pyruvate, although the latter pathway may contribute to a very limited extent. In particular, it is noted that for the resolved trehalose C-2 resonance, the singlet/doublet ratio is FIG. 6 . Comparison of the 42-to 57-ppm region of the 13 C NMR spectra of PCA extracts corresponding to the sample in Fig. 4 after hydrolysis in 6 N HCl to effect peptide hydrolysis (A), the corresponding region of the sample prior to hydrolysis (B), and the corresponding region of a PCA extract derived from cells provided 4 mM [ (Fig. 4) . Input of label through acetyl-CoA not considered, further turns of the citric acid cycle will label ␣-ketoglutarate and ultimately glutamate at carbons 1, 2, and 3 but without simultaneously labeling directly bonded carbons. The labeled OA can also lead to labeling of pyruvate (1,3-13 C 2 plus 2-13 C) and, via pyruvate dehydrogenase or pyruvate-formate lyase, to labeled acetyl-CoA (1-13 C plus 2-13 C). The [1-13 C] acetyl-CoA will label glutamate C-1 and C-5, again with no directly bonded carbons labeled. The [2- 13 C]acetyl-CoA provides a precursor leading to multiply labeled glutamate; however, in this case, the glutamate labeling will be very different, with a highly labeled C-4 position, in contrast with the observed spectrum (Fig. 4) 13 C]alanine, in contrast with the observation of [1,2-13 C 2 ]alanine. Thus, under these growth conditions, the labeling observed in alanine, and in the TCA-derived metabolites, provides no evidence for flux through the methylmalonate pathway.
Entry of labeled propionate via the methylmalonyl-CoA pathway involving condensation with catabolically produced 13 OA isotopomers. These can be converted to a mixture of 1,2-13 C 2 -and 1,3-13 C 2 -labeled pyruvate and alanine. However, as discussed above, lowering the [1,2-13 C 2 ]propionate/unlabeled propionate ratio from 20/0 to 4/16 reduced the maximum theoretical enrichment of the CO 2 pool from 55 to 11% (ignoring endogenous and atmospheric sources of unlabeled CO 2 ), but the 13 C alanine spectrum obtained was nearly unaffected. A small fractional increase in the intensity of alanine C-2 singlets is observed, most probably indicative of the relatively more significant natural abundance background arising from unlabeled alanine.
Other metabolites. Multiplet resonances corresponding to succinate C-2/3 are observed at 35.2 ppm. The pattern observed is consistent with a mixture of [2/3-13 C]-and [1,2-13 C 2 ]/ [3,4-13 C 2 ]succinate, as expected to arise from labeled OA produced as outlined in Fig. 3 . In contrast, entry of the [1,2-13 C 2 ]propionate via the methylmalonate pathway would be expected to yield 1,3-13 C 2 -and 2,4-13 C 2 -labeled isotopomers, so that multiplet intensity due to 1 J 12 coupling would not be observed. Hence, the succinate labeling pattern also is indicative of propionate metabolism via the methylcitrate pathway. The large flux through pyruvate-formate lyase and the significant accumulation of succinate observed in this study are more typical of anaerobic metabolism. Although the cells were aerobically grown, the aerobic metabolism of the microorganism may be compromised under the conditions of growth on propionate.
The identification of a resonance due to putrescine at ␦ ϭ 40.1 ppm is based on comparison with a standard sample, as well as the known biosynthetic pathway for this metabolite (20) . The carbon skeleton of putrescine is derived via formation of ornithine from glutamate, followed by decarboxylation.
Hence, the labeled C-2 and C-5 resonances of glutamate contribute to the observed C-1,4 singlet, explaining its large intensity. The 1 J 12 coupling interaction that is observed for glutamate C-2 is lost as a result of decarboxylation. Previous NMR studies of putrescine in E. coli have involved direct addition of the labeled compound to cell suspensions (9) .
A multiplet observed at ␦ ϭ 44.9 ppm, which appears to consist of a singlet plus doublet with 1 J 12 ϭ 54.2 Hz, characteristic of coupling to a carboxyl carbon, was prominent in the 13 C spectra. Based on the chemical shift, two types of structural units, the methylene group of citrate, malate, or potentially 2-methylcitrate or the methylene group of a C-terminal glycine, are the most likely assignments. Predictions of the shifts for these metabolites based on substituent effects (29) and on expected symmetries of labeling eliminated the first group of possibilities, leaving C-terminal glycine as the most likely candidate. Consistent with this conclusion, a 1 H-13 C HSQC spectrum of the extract indicates that the carbon multiplet is coupled to a closely spaced AB pattern in the proton spectrum with a mean shift of 3.6 ppm. Such a pattern would be consistent with a C-terminal glycine residue, with the proton inequivalence arising from a chirality elsewhere in the molecule. Furthermore, the AB spin system exhibits no additional proton-proton coupling in the 1 H-13 C HSQC-TOCSY spectrum, providing further support for this assignment. Further confirmation of this assignment is obtained by analysis of the acid hydrolyzed sample (Fig. 6A ) in which the multiplet was found to shift upfield to 42.7 ppm, as expected for free glycine.
Based on the assignment given above, the multiplet structure of this resonance indicates the existence of a substantial pool of doubly labeled glycine. For growth on glucose, glycine is typically derived from 3-phosphoserine, derived in turn from 3-phosphoglycerate. The 3-phosphoglycerate can be produced by oxidation of glyceraldehyde-3-phosphate. Hence, the glycine C-1 and C-2 carbons would be expected to have a labeling pattern similar to that of C-1 and C-2 of the 3-phosphoglycerate. If the 3-phosphoglycerate is derived from glyceraldehyde-3-phosphate, the labeling of glycine C-1 and C-2 should be similar to the labeling of C-3 and C-2 of trehalose. Alternatively, for growth on other carbon sources, glycine can be derived from threonine, which is derived via aspartate from OA. Hence, in either case, the glycine labeling pattern is expected to be derived ultimately from the OA pool, which contains particularly [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]OA. This is consistent with the high doublet/singlet ratio observed for this resonance, which appears somewhat greater than the corresponding ratio in glutamate (Fig. 4) . If this C-terminal glycine arises primarily from glutathione, a substantial fraction of the observed glutathione C-2 resonance intensity must also correspond to the ␥-glutamyl group in glutathione. In fact, weak resonances can be observed at 27.6 and 32.7 ppm. These resonances most probably correspond to the ␥-glutamyl C-3 and C-4 resonances of glutathione (24) . However, the greater intensities of the free glutamate resonances indicate that either the C-terminal glycyl residue of glutathione becomes more heavily labeled than the ␥-glutamyl residue or the C-terminal glycine corresponds to additional peptide(s).
DISCUSSION
The large range of propionate metabolic pathways represents a considerable analytical challenge. Perhaps as a result of this complexity, the existence of the methylcitrate pathway in E. coli was not demonstrated until 1997 (34) . The extent to which several different pathways may contribute in various organisms is still not clear. The present study was motivated by the question of whether an approach which leads to qualitative, rather than merely quantitative, metabolite labeling differences which are dependent on the metabolic pathways involved could be developed. The results demonstrate the feasibility of using [1,2-13 C 2 ]propionate to unequivocally determine retention of the 13 C-13 C-12 C carbon skeleton in pyruvate and alanine under the conditions of the study involving propionateadapted E. coli. In this case, retention of the carbon skeleton of the propionate is consistent with flux via the methylcitrate pathway but not with flux through the methylmalonyl pathway. The methylmalonate pathway, which represents the primary alternate route for propionate uptake in some species, would in contrast result in the loss of coupling interaction of the precursor after formation of succinyl-CoA.
This and analogous approaches are limited by the complexity of the metabolic pathways, and by the possibility of synthetic coupling of a pair of labeled nuclei which can reintroduce the coupling interaction. Probably the most significant possibility in the present case relates to the incorporation of carbon-13 via 13 CO 2 fixation. However, these routes will in almost all cases be characterized by significant label dilution, so that the particular isotopomers will be diluted by the presence of other, less labeled isotopic forms of the molecule. In the present study, the pattern of labeling of alanine is largely retained, even if the [1,2-13 C 2 ]propionate precursor is substantially diluted with unlabeled propionate.
In contrast with the use of [1,2-13 C 2 ]propionate described here, the use of singly or triply labeled propionate precursors results in labeling patterns that are more ambiguous to analyze in terms of the metabolic flux. Previous NMR studies using [2- 13 C]propionate yielded glutamate labeled strongly at C-5, indicating formation of [1- 13 C]acetyl-CoA, as well as some enrichment at C-2 and C-3 (8, 34) . Labeling at these latter positions can be interpreted to indicate anaplerotic flux via methylmalonyl-CoA formed by carboxylation of propionylCoA (8) . However, with the [2-
13 C]propionate precursor, flux via the methylcitrate pathway can lead to [2- 13 C]pyruvate and to [2- 13 C]OA, which can result in an analogous labeling of glutamate C-2 or C-3.
[1,2,3-13 C 3 ]propionate has also been used to elucidate propionate metabolism (7, 13, 40 Hence, although there will be some differences in the predicted label distribution of some metabolites, the [1,2,3-
13
C 3 ]propionate label is considerably less able to distinguish between these alternative pathways.
The labeling pattern of pyruvate, as reflected most directly in the labeling of alanine and alanine-containing peptides, provides unequivocal confirmation of the functioning of the methylcitrate pathway. Consistent with previous studies (8) , alanine levels in E. coli are very low, so that often analysis of the labeling of the pyruvate pool is based on the observations of metabolites derived more indirectly from this precursor. Thus, Evans et al. (8) observed no significant alanine C-2 resonance in E. coli labeled with [2- 13 C]propionate. As shown here, this observation arises from the low level of alanine in the cells rather than from a low level of labeling of the alanine. The structural cell wall or murein sacculus of E. coli contains the unit N-acetylglucosaminyl-␤-1,4-N-acetylmuramic acid (MurNAc) with L-alanyl-D-glutamyl-mesodiaminopimelic acid attached to the muramic acid carboxyl group and with zero, one, or two D-alanine residues linked to the L-anomer of the diaminopimelic acid (6, 12, 22) . The peptide components of the cell wall undergo rapid turnover, and intracellular pools of D-alanyl-D-alanine, diaminopimelic acid, D-glutamic acid, and various UDP-MurNAc peptides have all been identified. In the present study, we observed at least five doublets near 52 ppm which correspond to alanine and alanine-containing peptides. Although NMR has often been used to study the components of the bacterial cell wall, this is to our knowledge the first identification of intracellular peptides that are involved in cell wall turnover. This finding raises the possibility of more extensive studies of cell wall turnover using NMR in combination with stable isotope labeling of cell wall precursors such as alanine.
In addition to basic questions relating to the metabolic flux of propionate, the metabolism of propionate has been of interest recently due to its application to the determination of channeling of cellular metabolites (7, 8, 30) . The latter phenomena can be studied by comparing experimental isotopic label distributions to those predicted to result from complete equilibration of label between symmetric sites on intermediates such as succinate or fumarate (3, 30) . To perform such analyses, it is necessary to determine the metabolic pathways involved (23) . As is apparent from the above discussion as well as the recent studies of Textor et al. (34) , it is not necessary to invoke flux through the methylmalonyl pathway to explain the isotopic labeling patterns of metabolites derived from 13 Clabeled propionate under the conditions of these studies. The use of [1,2- 13 C 2 ]propionate should be valuable for determining whether such a pathway contributes to the utilization of propionate under other conditions.
